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ABSTRACT Differential scanning calorimetry and cryomicroscopy were used to investigate the effects of type antifreeze protein (AFP)
from winter flounder on 58% solutions of hydroxyethyl starch. The glass, devitrification, and melt transitions noted during rewarming were
unaffected by 100 jig/ml AFP. Isothermal annealing experiments were undertaken to detect the effects of AFP-induced inhibition of ice
crystal growth using calorimetry. A premelt endothermic peak was detected during warming after the annealing procedure. Increasing
the duration or the temperature of the annealing for the temperature range from -28 and -180C resulted in a gradual increase in the
enthalpy of the premelt endotherm. This transition was unaffected by 100 pg/ml AFP. Annealing between -18 and -10OC resulted in a
gradual decrease in the premelt peak enthalpy. This process was inhibited by 100 ,g/ml AFP. Cryomicroscopic examination of the
samples revealed that AFP inhibited ice recrystallization during isothermal annealing at -10C. Annealing at lower temperatures resulted
in minimal ice recrystallization and no visible effect of AFP. Thus, for 100 Atg/ml AFP to have a detectable influence on thermal events in
the calorimeter, conditions must be used that result in significant ice growth without AFP and visible inhibition of this process by AFP.
INTRODUCTION
Ice crystals can greatly damage cryopreserved biological
material ( 1, 2 ). Fahy and co-workers ( 3 ) suggested that
problems associated with ice formation could be avoided
by the use of vitrification. At ultralow temperatures, the
water matrix in the vitrified (glassy) state has the same
"random" structure as in the liquid state, but with the
loss of translational motion (4, 5). Red blood cells, for
example, have been cryopreserved by vitrification using
ultrarapid cooling in the presence of the extracellular
cryoprotectant hydroxyethyl starch (HES) (6-8). In
such samples, however, the glassy state is metastable.
During rewarming damage due to ice can occur (3, 5),
with the spontaneous formation ofnew ice nuclei (devit-
rification) and the growth of ice crystals. The ice crystal
growth may represent either an increase in ice mass
(crystallization) or in a rearrangement of crystals with-
out an increase in mass (recrystallization). All of these
kinetic phenomena can be avoided by using rapid warm-
ing rate (5), but warming rates become increasingly lim-
ited as the sample volume increases.
Ice growth can also be reduced by the addition of anti-
freeze protein (AFP) to the solutions. AFP has been
shown to inhibit recrystallization of ice formed by ultra-
rapid cooling of solutions during isothermal annealing
between -8 and -4°C (9-11). Such inhibition can be
beneficial to cryopreserved cells. For example, we have
found that 5-100 pig/ml type I AFP (from winter
flounder) enhanced survival of red cells that were cryo-
preserved in 23% (wt/wt) solutions of HES and re-
warmed at suboptimal rates ( 12). Cryomicroscopic ex-
amination revealed that this protective effect correlated
with the visible inhibition of ice recrystallization by
AFP ( 12).
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Previous research with much higher concentrations of
AFP (1-200 mg/ml) in 55% (wt/wt) glycerol demon-
strated that the addition of AFP shifted the glass transi-
tion to warmer temperatures and the devitrification to
lower temperatures ( 13). To determine whether similar
physical effects might contribute to the increased sur-
vival induced by the lower concentrations of AFP used
in our red cell cryopreservation model, we used differen-
tial scanning calorimetry to examine the influence of
100 ,ug/ml AFP on the glass, devitrification, and melt
transitions in HES solutions. Our initial experiments in-
dicated that 100 ,ug/ml AFP did not have any detectable
effect on these thermal transitions during a single warm-
ing scan. However, after isothermal annealing a premelt
endotherm was present during the subsequent scan. The
endotherm probably represents the transition in the
non-ice portion of the HES solution ( 14-16). The en-
thalpy of the peak decreased with increasing annealing
time or temperature > - 16°C, but remained higher in
the solution with AFP compared with the solution with-
out AFP. Cryomicroscopy revealed that recrystallization




Purified (>99% homogeneity) antifreeze protein was a gift from Dr.
J. E. Villafranca ofAgouron Pharmaceuticals, Inc. (La Jolla, CA). The
recombinant protein was produced by expression ofa synthetic gene in
Escherichia coli. The protein has a molecular weight of 3,300, is com-
prised of 37 amino acids, and has an amino acid sequence identical to
that of the natural, type I antifreeze protein from winter flounder
(Pseudopleuronectes americanus), which is designated as HPLC-6
(cf., 17).
HES (average 450,000 M, and seven ethyl substitutions per 10 anhy-
droglucose residues) was purchased from Kendall McGaw Laborato-
ries (Santa Ana, CA). Solutions of 30 and 58% (wt/wt) were prepared
by dissolving the HES in deionized water containing from 0 to 100
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FIGURE 1 Thermograms of 58 wt% HES with and without isothermal
annealing at -1 50C, illustrating how the premelt endotherm enthalpy
was calculated. The same sample was scanned twice, once from -170
to +50C without annealing (solid line) and once with a 30-min anneal-
ing at - 15'C before recooling and rewarming (dashed line). The pre-
melt endotherm ( Tpm) overlapped the melt endotherm ( Tm) after the
annealing. To calculate the enthalpy of Tpm, the total area of the en-
dotherm (Tpm + Tm) was subtracted from the area of the melt endo-
therm obtained without any hold: (Tpm + Tm) - Tm = Tpm. These
calculations assume that the melt peak does not change with various
hold conditions. The melt peak enthalpy after holds at -280C (where
the two peaks do not overlap) did not change after annealing.
Ag/ml AFP or bovine serum albumin. We limited ourselves to this
range of AFP concentrations because we previously found that this
range enhanced survival of red cells cryopreserved in HES, whereas
higher concentrations fostered damage (12). The HES was used as
obtained from the manufacture and thus contained NaCL. Salt is neces-
sary for formation ofa stable a-helix conformation in type I AFP ( 18).
Calorimetry
Calorimetric analysis of the solutions was performed in a liquid nitro-
gen-cooled calorimeter (model DSC-7; Perkin-Elmer Cetus Instru-
ments, Norwalk, CT). Samples of HES solution between 1 and 5 mg
were placed in 20-IAl aluminum pans for volatile samples. The samples
were covered with immersion oil to prevent sample dehydration during
isothermal annealing experiments. In initial experiments the sample
was cooled as rapidly as possible to - 170'C by using the "Go to Load"
function. The cooling rate was determined empirically to be .200'C/
min to -80'C but was increasingly slower between -80 and - 170'C.
Data were collected during a 10C/min scan from -170 to +50C. The
glass transition, devitrification, and melting temperatures and enthal-
pies were determined. For isothermal annealing experiments, the sam-
ple was rapidly cooled to -170'C and warmed (20'C/min) to a tem-
perature between -28 and -80C. The sample was held at the given
temperature for a duration of 0-120 min. After the hold, the sample
was recooled to -50'C and data were collected during a 10'C/min
scan from -50 to +50C. All conditions were tested with a minimum of
three individual samples, and values are reported as mean ± 1 SD.
Paired Student's t test was used for statistical analysis of the data.
The enthalpy value of the premelt endotherm obtained during the
warming scan after annealing was determined by measuring peak area.
When the premelt and melt peaks overlapped in the scan after anneal-
ing, the total peak area was noted. To determine how much ofthe total
enthalpy was due to the premelt event, the melt peak recorded during
the initial scan, without annealing, was subtracted from the total en-
thalpy obtained after annealing (Fig 1). Triplicate runs of the same
sample revealed that the premelt peak enthalpy values were reproduc-
ible to ± 1.7% at -280C and to ±2.5% at -10C.
Cryomicroscopy
The solutions were also monitored visually using a liquid nitrogen-
cooled microscope stage (Interface Techniques Co., Cambridge, MA),
with computer temperature control. The sample ( 1 mg) was placed
on the stage and cooled at 2000C/min to -1 350C. It was then warmed
to -28, -15, or -100C and held at that temperature for 30 min. The
sample was monitored for ice recrystallization using a video camera
(Sony CCD-IRIS) connected to a video printer (Sony color video
printer UP-5000). Micrographs were taken at 0, 10, and 30 min.
RESULTS
Initial calorimetry experiments were with 30% (wt/wt)
HES solutions, a similar concentration used for cryopre-
servation ofred blood cells ( 12). Thermograms revealed
no glass transition or devitrification during rewarming,
after cooling at the maximum rate in the calorimeter.
This was probably because samples could not be cooled
rapidly enough in the calorimeter to become vitreous.
Korber et al. ( 19) also reported no devitrification in so-
lutions at concentrations < 55 wt%, when cooled at
320'C/min. Thus, higher HES concentrations that
could form a glass upon cooling at -200'C/min were
used (19). A typical thermogram obtained from 58 wt%
HES is presented in Fig 2. The glass transition ( Tg) onset
appeared at - 106'C, with the midpoint inflection at
-940C, and the end of the transition at -720C. Devitri-
fication (Td) occurred over a range from -72 to -290C,
whereas a small endotherm preceding the melt occurred
over a range from -26.5 to -18.60C. The temperature
values obtained for the transitions were similar to those






FIGURE 2 Thermogram of 58 wt% HES. The sample was cooled as
rapidly as possible to -170'C and then warmed at 10C/min. The
glass transition (Tg), devitrification (Td), and melt (Tm) are labeled.
(Inset) -130 to - 10C portion of the thermogram is presented to bet-
ter reveal the transitions.
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AFP did not influence any ofthese transitions. The ther-
mograms ofsamples containing AFP were essentially in-
distinguishable from those for samples without AFP.
Because AFP did not influence the phase transitions in
HES solutions during a single cooling and rewarming
regime, we conducted isothermal annealing experiments
to maximize the opportunity to detect AFP-induced inhi-
bition of ice growth calorimetrically. Annealing times of
<4 h between -100 and -720C had no effect on the glass
or devitrification temperatures or enthalpies in the pres-
ence or absence ofAFP. Annealing the HES solution in
the absence ofAFP at -28°C, the end ofthe devitrifica-
tion event, or at higher temperatures resulted in the loss
of the glass and devitrification transitions and in the ap-
pearance of a premelt endotherm after subsequent cool-
ing and scanning during rewarming (Fig 3). The peak
gradually moved towards the melt as the annealing tem-
perature increased and, after annealing at -150C, ap-
peared as a shoulder on the melt. The premelt endoth-
erm had almost disappeared after 30 min at -10C (Fig
3). The onset temperature of the premelt peak was di-
rectly correlated with the annealing temperature. The
relationship was linear, with the onset temperature shift-
ing from -23.5 to -18'C (best-fit curve equation: y =
0.44x-1 1.2, for -28 < x <-160C, r = 0.99). At anneal-
ing temperatures > - 16'C the peak onset no longer
shifted but was superimposed on the melt peak.
The first annealing experiment with AFP compared
the effect of 100 jig/ml of the protein on the samples





FIGURE 3 Thermograms of 58 wt% HES solutions after a 30-min iso-
thermal annealing at various temperatures. After annealing, the sample
was recooled and data were collected during a warming scan. The pre-
melt endothermic peak was readily apparent after the annealing re-
gimes, either as a distinct endotherm or as a shoulder on the melt. The
various annealing temperatures are labeled above each curve (con-
trol = no annealing). The postmelt peak (at 2.50C) was an artifact of
sample evaporation and recondensation ( 19). Covering the sample







FIGURE 4 Thermograms of58 wt% HES solutions annealed at -100C
for 30 min before analysis. The solutions contained 0 (dashed line) or
100 ,g/ml AFP (solid line). The premelt peak endotherm obtained
during a swarming scan after annealing appeared as a slight shoulder in
the sample without AFP but was still pronounced in the solution with
AFP (arrow).
enthalpy or position of the premelt endotherm after an-
nealing at -28°C. However, a sample annealed at
-10C in the presence of 100 Agg/ml AFP had a much
larger enthalpy than a control sample without the pro-
tein (Fig 4). Similar effects were noted at AFP concen-
trations down to 10 ,qg/ml (data not shown).
If the appearance of the premelt endotherm is due to
ice growth and recrystallization and the effect ofAFP is
due to inhibition ofthese processes during the annealing
period, then these events should be altered by the dura-
tion of the annealing. To examine the kinetic nature of
these phenomena, samples of HES with and without
AFP were annealed at -28 and -10C for 0 to 120 min.
The samples were then recooled and data were collected
during rewarming. As the annealing time at -280C in-
creased from 0 to 30 min, the onset temperature of the
premelt peak shifted from -28 to -240C. No further
shift was observed with increased annealing times up to
120 min. The premelt peak enthalpy gradually increased
with duration of annealing up to 30 min and did not
change with longer annealing (Fig 5). The enthalpy of
the premelt endotherms for samples with AFP (Fig 5)
were not statistically different from those for control sam-
ples without the protein (P > 0.4). When solutions were
annealed at -10C, the onset temperature ofthe premelt
peak remained at - 18'C for all annealing times,
whether AFP was present. AFP also did not influence the
enthalpy of the peak after 0-5 min annealing (Fig 6).
However, after 15 min or longer, the premelt peak en-
thalpy for the solution without AFP decreased, whereas
the enthalpy for the solution with AFP remained con-
stant (Fig 6). No differences were noted between sam-
ples containing 100 ,ug/ml bovine serum albumin and
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FIGURE 5 Effect of various annealing times at -280C on the premelt
peak enthalpy. The enthalpy values were measured directly, since the
premelt and melt peaks did not overlap (see Fig 3). No difference in the
measured enthalpy was noted for samples held 30 min or longer. Also,
no statistical difference (P > 0.4) was noted between samples with (0)
or without (0) 100 ,g/ml AFP.
the control samples (Fig 6), demonstrating that the ef-
fect is specific to AFP.
Because the kinetic studies indicated that the enthalpy
of the premelt endotherm had reached a steady state
after 30 min of annealing at -28 or -10C, this time
period was chosen for experiments comparing interme-
diate annealing temperatures (Fig 7). Statistical differ-
ences in the enthalpy of the premelt peak between the
two types of samples began to emerge at -16'C (P <
0.05) were greatest at -12 and -10C (P < 0.025) but
were no longer noted at -80C (P > 0.4) deep into the
sample melt.
Taken together the results presented above suggest
that the appearance of the premelt endotherm noted
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FIGURE 6 Effect of various annealing times at - IOC on the premelt
peak enthalpy. The enthalpy values were determined as in Fig 1, be-
cause the premelt and melt peaks overlapped. (0) 58 wt% HES; (0)
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FIGURE 7 Effect of various annealing temperatures on the premelt
enthalpy. Samples either with 100 ,g/ml AFP or without any protein
were recooled and data collected during a warming scan after a 30-min
annealing at various temperatures. Symbols: (0) 58 wt% HES; (E) 58
wt% HES + 100 ig/ml AFP.
during the annealing. The peak might also be due to a
eutectic melt ofthe NaCl in the HES solution (20). How-
ever, certain aspects of our data argue against this inter-
pretation. First, the peak shifted to warmer temperatures
with higher annealing temperatures. A eutectic melt tem-
perature would be invariant, whereas kinetic phenom-
ena have been shown to shift with the application of
differing thermal and holding regimes ( 15, 21 ). Second,
HES, which was dialyzed extensively against deionized
water to remove all salts, was analyzed as above. The
same premelt endotherm was noted after annealing at
-280C (data not shown).
To ascertain more directly under which annealing
conditions ice recrystallization was occurring and the ef-
fects ofAFP on this process, the HES samples were exam-
ined using cryomicroscopy. The solutions were sub-
jected to the same cooling and annealing regimes as in
the calorimeter. Upon cooling to -130'C, the solutions
appeared clear and remained optically transparent dur-
ing warming until - -200C. At this point the field be-
came gradually darker, indicating ice crystal growth
(22). The field became brighter during annealing at
-10'C, as ice recrystallization progressed and allowed
for better resolution of individual crystals. Immediately
upon reaching -10'C there were visible ice crystals of
essentially the same size, both in samples with and with-
out AFP (Fig 8). After 10 min about the same degree of
ice crystal growth was noted. However, the inhibition of
recrystallization by AFP was clearly apparent after 30
min at -100C. These results correlate reasonably well
with the calorimetric finding that 1 5 min at -10 C was
needed before a noticeable influence ofAFP on the pre-
melt endotherm could be detected. Measurement ofthe
larger ice crystals after 30 min revealed that in the solu-
tion without AFP the crystals were on average -49.6











FIGURE 8 Cryomicrographs of 58 wt% HES solution with or without 100l g/ml AFP. The samples were treated to the same cooling and -100C
annealing as in the calorimeter. Photographs were taken after 0, 10, and 30 min. Bar, 10 Am.
,gm2, whereas in the solution with AFP the crystals were
'14.0 gm2 (Fig 8).
Samples were also examined after 30 min annealing at
-15 and -280C, where calorimetric data revealed little
or no influence ofAFP on the premelt endotherm. After
30 min at - 15'C, there were no discernable differences
in the appearance of samples with and without AFP.
Both appeared similar to the -100C time zero micro-
graphs, with much opacity due to numerous crystals that
were too fine to resolve individually. AFP also did not
alter the appearance of samples held at -280C. Both re-
mained optically clear, with almost no discernable opac-
ity (data not shown).
Finally, to gain some insight into the events occurring
during the final postannealing recooling and rewarming
(when calorimetric data were collected), samples were
annealed at -10C for 30 min. They were then recooled
to -50'C and rewarmed at 10C/min, as in the calorim-
eter experiments. As the samples approached the melt-
ing temperature during rewarming, there was a clearing
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of the hazy gray, non-ice crystal region in the back-
ground. In addition, the beginning of the melt of the
smaller ice crystals could be detected. This was followed
by the melt of the larger ice crystals. The sequence of
events during the melt appeared similar with or without
AFP. However, samples containing AFP had smaller ice
crystals after annealing and appeared to have more of a
hazy gray background (Fig 8). It is possible that the pre-
melt endotherm during the final warming in the calorim-
etry experiments represents a phase transition in the
hazy gray, non-ice crystal region.
DISCUSSION
Previous experiments indicated that AFP enhanced sur-
vival of red blood cells cryopreserved in HES ( 12 ). This
effect was correlated with the microscopic observation
that AFP inhibited ice recrystallization during the warm-
ing of the samples ( 12). The results of the current study
indicate that, in a concentration range of 10-100 ig/ml
AFP, this may be the only significant effect of AFP on
the physical transitions in HES solution during cooling
and warming. We were unable to detect any effect of
AFP on the glass, devitrification or melt transitions in 58
wt% HES solutions during a single warming run or after
annealing at temperatures near the glass or devitrifica-
tion transitions.
In an attempt to detect ice recrystallization by calorim-
etry, isothermal annealing regimes were used. A premelt
endothermic peak resulted during a warming scan after
annealing (Figs 3 and 4). At annealing temperatures
above - 16'C, the enthalpy of the premelt peak re-
mained higher in solutions containing AFP (Figs 6 and
7). Furthermore, the premelt endotherm was influenced
by the duration and the temperature of annealing, em-
phasizing the kinetic nature of the event (Figs 3-7).
Also, cryomicroscopy revealed that ice recrystallization
occurred during the annealing and that AFP attenuated
this process (Fig 8). These observations indicate that the
premelt endotherm is associated with ice growth or re-
crystallization arising during the annealing period. How-
ever, the premelt endothermic peak obtained during the
final warming scan is not an actual ice growth or recrys-
tallization event. Rather, it is a transition in the system
formed as the result of ice growth and recrystallization
that occurred during the annealing.
One possible interpretation of the premelt endotherm,
that resulted after annealing is that the peak represents a
phase transition in the HES portion ofthe solution. This
would be consistent with the observed clearing of the
hazy gray background during warming after annealing.
The nature ofthe transition is unknown, but several hy-
potheses include relaxation of the ice-solution interface
(23), devitrification ( 14), and glass transition with an
associated endothermic overshoot ( 15, 16). The endo-
thermic overshoot has been reported in other cryopro-
tective systems (15, 24) and may represent heat ab-
sorbed to compensate for the loss offree energy in glasses
undergoing relaxation at temperatures below or at the
glass transition (25).
Mathematical modeling and experimental data indi-
cate that when an aqueous solution is rapidly cooled to
form a glass and then rewarmed, the solute will increase
in concentration as the water forms more ice (5, 26).
Although these observations were reported for systems
undergoing continuous warming, the slowest warming
rates suggest that similar phenomena occur during iso-
thermal annealing. We observed two different events
after annealing, depending upon the temperature of an-
nealing: between -28 and - 18'C the enthalpy value for
the premelt peak increased, whereas between -18 and
-80C, the value decreased. The reason for these observa-
tions is unknown, but both events must be explained as a
result of ice growth occurring during the isothermal an-
nealing (27). Between -28 and -18'C, ice growth
would result in a more concentrated HES solution. As
such, a shift in the glass transition and endothermic
overshoot to higher temperatures would be expected
( 19, 21 ). Also, a greater endothermic overshoot would
result as more ofthe glassy HES solution relaxed ( 15, 24,
28). However, between -18 and -80C, as ice growth
progressed further, a decrease in enthalpy could occur as
a result of less water contributing to the signal of the
glassy HES system. These suggestions are purely specula-
tive at this point. Further characterization will be neces-
sary to fully understand the events that occur near the
glass, recrystallization, and melt points ( 19).
The common element in the development and disap-
pearance of the premelt peak is the growth of ice during
isothermal annealing. The data thus suggest that in the
presence ofAFP the solution did not approach equilib-
rium during isothermal annealing between -16 and
-10C. Ice growth must have been inhibited and thus,
the premelt peak enthalpy remained high. Recrystalliza-
tion of ice would not be expected to result in a change in
the solution concentration, because it is a redistribution
ofice crystal sizes, and not a change in ice mass (27). Ice
growth inhibition by AFP has been well documented at
protein concentrations 2 1 mg/ml, but not at lower con-
centrations (e.g., reference 29). However, Knight et al.
(30) have reported "some slight growth retardation of
ice" with 30 ,gg/ml winter flounder AFP. Also, the water
absorptive capacity ofHES is very large: 0.522 g ofwater
absorbed/g ofpowdered HES ( 19). Ifwe assume that no
AFP is present in the water associated with HES, then
the calculated concentration of AFP used in this study
would be 192 ,tg/ml. These observations help support
the suggestion that AFP inhibited ice growth in the HES
solution at -10°C.
The winter flounder AFP was not able to influence the
premelt peak in the calorimeter below -16°C (Fig 7).
Also, cryomicroscopic observations revealed no effect of
AFP on ice recrystallization after 30 min of annealing <
-1 5°C. The lack of effect may be due to kinetic limita-
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tions in our system (2, 31). It is possible that greatly
extending the hold times may result in a detectable effect
by AFP.
Recrystallization in nonmetallic substances, as
Burgers (32) explained, is restricted to grain growth
(boundary migration), which occurs through the move-
ment ofthe boundary layers between two lattice regions.
The result is a decrease in the free energy stored in the
layers. In an attempt to understand the mechanism by
which AFP inhibits recrystallization, Knight and co-
workers (10, 11) suggested that impurities would de-
crease the driving force of recrystallization by reducing
the total boundary area by the amount of area the im-
purities occupy. Also, impurities would create a physical
barrier around which water molecules would have to dif-
fuse, further slowing down ice recrystallization (32).
However, AFP is much more effective at recrystalliza-
tion attenuation than other protein molecules ( 10). This
may be due to its unique ice adsorption capabilities,
which suggest a lattice match with ice is necessary (33-
35). If AFP requires a specific lattice match for ice re-
crystallization attenuation, then the boundary layers in
the frozen solution may have to migrate until they reach
a protein molecule in the correct orientation before mi-
gration inhibition can occur ( 11 ). It is less likely that the
AFP molecules could migrate, because they are trapped
in a viscous matrix. As a result, AFP would not be able to
completely prevent recrystallization, and some ice
growth would be noted even in the presence ofAFP (Fig
8). In fact, the cryomicroscopic data revealed that re-
crystallization inhibition by AFP was observed only
when ice crystals had grown beyond 14 ,gm2 in the solu-
tion without AFP.
In conclusion, except for ice recrystallization and pos-
sibly some ice growth inhibition near the melt, the addi-
tion ofAFP concentrations relevant to enhancing cryo-
protection (i.e., 10-100 ,ug/ml) does not seem to influ-
ence any ofthe physical transitions in the cryoprotectant
HES. However, inhibition of ice recrystallization alone
during warming can be beneficial to cryopreserved sys-
tems ( 1, 12). Such inhibition does not need to be abso-
lute to enhance cell survival. Simply attenuating micro-
scopically visible ice crystal growth appears to be suffi-
cient.
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